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CHAPTER 1 
I n t r o d u c t i o n 
The b i v a l v e Macoma b a l t h i c a i s a common l i t t o r a l 
i n h a b i t a n t o f b o t h c o a s t a l and e s t u a r i n e w a t e r s around the 
B r i t i s h I s l e s . 
On i n t e r t i d a l m u d - f l a t s where Macoma o f t e n reaches 
h i g h p o p u l a t i o n d e n s i t i e s t h i s s p e c i e s may be e c o l o g i c a l l y 
i m p o r t a n t as a food f o r many shore b i r d s and f l a t f i s h . 
The d i s t r i b u t i o n o f Macoma has been i n v e s t i g a t e d 
by many w o r k e r s , e.g. Beanland, 19^0; Rees, 19^0; Brady, 19^3; 
Holme, 19'T9; and N e w e l l , 1965. Most o f them have c l a i m e d t h a t 
s u b s t r a t e n a t u r e i s an i m p o r t a n t f a c t o r a f f e c t i n g d i s t r i b u t i o n , 
b u t t h e r e are many d i f f e r e n t views about the k i n d o f s u b s t r a t e 
which i s the most f a v o u r a b l e . One o f the most r e c e n t 
i n v e s t i g a t i o n s i s t h a t by Ne w e l l ( I 9 6 5 ) who a l s o s t u d i e d the 
d i e t o f Macoma i n the Thames e s t u a r y . Newell found t h a t i t s 
p o p u l a t i o n d e n s i t y i n c r e a s e d as the s u b s t r a t e became f i n e r . 
T h i s he e x p l a i n e d by showing t h a t Macoma f e d m a i n l y on l i v i n g 
m icroorganisms i n h i s st u d y area and t h a t t h e p o p u l a t i o n d e n s i t y 
o f microorganisms i s much h i g h e r i n muddy s u b s t r a t e than i n sandy 
s u b s t r a t e s i n c e t h e r e i s a h i g h e r s u r f a c e area t o w e i g h t r a t i o i n 
f i n e sediments, and s u r f a c e area a f f e c t s b a c t e r i a l d e n s i t y . 
Because the r i v e r Thames ru n s t h r o u g h areas w i t h v e r y 
dense human s e t t l e m e n t s t h e i n f l o w o f f a e c a l o r g a n i c m a t t e r and 
b a c t e r i a i s h i g h . The p r e s e n t s t u d y i s concerned w i t h the 
presence o f Macoma i n an u n p o l l u t e d area t o f i n d o ut i f i t s 
d i s t r i b u t i o n on the L i n d i s f a r n e Nature Reserve, Northumberland 
f o l l o w e d t h e same p r i n c i p l e s as i n the Thames e s t u a r y . 
I n f l o w o f f a e c a l b a c t e r i a i n t o t h i s area i s v e r y l o w, 
the main sources o f b a c t e r i a b e i n g sea wat e r ajid S p a r t i n a beds 
(A. Meyer, p a r s . comm.). 
P r e v i o u s i n v e s t i g a t i o n s o f the i n v e r t e b r a t e fauna 
a t Fenham F l a t s (P. P. Evans, u n p u b l i s h e d ) had shown t h a t 
Macoma b a l t h i c a i s the most abundant b i v a l v e s p e c i e s i n t h i s 
a r e a, so t h i s i n v e s t i g a t i o n was thoug h t t o be f e a s i b l e . 
S t u d i e s were a l s o c a r r i e d o ut on s i z e and age 
d i s t r i b u t i o n s , d i s p e r s i o n i n an area o f h i g h d e n s i t y , d r y 
w e i g h t o f f l e s h and s h e l l s , c a l o r i f i c c o n t e n t , and c o n c e n t r a t i o n 
o f two heavy m e t a l s i n the f l e s h o f the a n i m a l . 
The r e s u l t s o f these s t u d i e s are p r e s e n t e d i n t h e 
f o l l o w i n g c h a p t e r s w i t h a d i s c u s s i o n a t t h e end o f each c h a p t e r . 
Study Area 
Fenham F l a t s and Holy I s l a n d Sands, L i n d i s f a r n e N a t i o n a l 
Nature Reserve 
These t i d a l f l a t s ( F i g . 1) l i e t o the n o r t h o f 
Ross L i n k s , Northumberland, between Holy I s l a n d and the mainland. 
The t i d e comes i n from t h e south because the s t r o n g 
s o u t h e r l y t i d a l d r i f t a l o n g t h i s p a r t o f the coast has formed 
a sand r i d g e a t t h e n o r t h e r n end o f t h e f l a t s . 
The s u b s t r a t e i n t h e n o r t h e r n p a r t o f the area 
( H o l y I s l a n d Sands) i s m a i n l y c l e a n sand and f i r m sandy mud. 
Figure J 1, Ma^ o f the n o r t h e r n p a r t 
o f the I L i n d i s f a r n e N a t i o n a l Nature 
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However, the s o u t h e r n p a r t i s v e r y muddy so t h a t sampling was 
d i f f i c u l t except a t h i g h t i d a l l e v e l s . 
On t h e mainland s i d e o f t h e f l a t s the h i g h e s t t i d a l 
l e v e l s are occupied by the c o r d - g r a s s , S p a r t i n a a n g l i c a . 
Z o s t e r a m a r i n a , the e e l - g r a s s , a l s o o c c u r s a t s l i g h t l y l o w e r 
t i d a l l e v e l s . 
Choice o f sampling s i t e s 
Due t o the extreme s o f t n e s s o f the s u b s t r a t e i n the 
s o u t h e r n p a r t o f Fenheun F l a t s i t was decided t o sample o n l y a t 
h i g h t i d a l l e v e l s which are a c c e s s i b l e w i t h s a f e t y . 
Beanland ( 1 9 ^ 0 ) , s t u d y i n g t h e i n v e r t e b r a t e fauna i n 
the Dovey e s t u a r y , concluded t h a t the d i s t r i b u t i o n o f Macoma 
b a l t h i c a depended p o s s i b l y on two f a c t o r s , namely ( a ) " q u a l i t y 
and q u a J i t i t y o f a v a i l a b l e f o o d s u p p l y , c o r r e l a t e d w i t h type o f 
s o i l " , and ( b ) " a v a i l a b l e f e e d i n g t i m e , c o r r e l a t e d w i t h 
d i s t a n c e below h i g h - t i d e mark". 
I f these c o n c l u s i o n s are c o r r e c t , then e x a m i n a t i o n 
o f s t a t i o n s a t t h e same t i d a l l e v e l s h o u l d show up any d i f f e r e n c e s 
between s i t e s i n a v a i l a b l e food i n the s u b s t r a t e by d i f f e r e n c e s i n 
d e n s i t y o f Macoma. 
A c c o r d i n g l y , f o r one p a r t o f t h e p r o j e c t , seven s t a t i o n s 
were chosen, a l l a t s i m i l a r t i d a l l e v e l s . The t i d a l l e v e l was 
checked by w a t c h i n g an i n c o m i n g t i d e on 15 August. The h e i g h t 
o f t h i s t i d e was an average one f o r t h i s a r e a , 11.8m ( t h i s 
e q u als 2,6m over Newlyn Datum), The time f o r which the amimals 
were covered by t h e t i d e a t t h e seven s i t e s rajiged f r o m 2 hours 
50min t o 3 hours 30min, 
To g a i n i n f o r m a t i o n about the d i s t r i b u t i o n o f Macoma 
a t d i f f e r e n t t i d a l l e v e l s , a t r a n s e c t was taken down the shore 
from the end o f the Causeway a t Holy I s l a n d ( s i t e 12 on F i g , 1 ) , 
Thi s area was chosen f o r the t r a n s e c t because p r e v i o u s 
i n v e s t i g a t i o n s o f the i n v e r t e b r a t e fauna o f the L i n d i s f a r n e 
Reserve had shown h i g h d e n s i t i e s o f Macoma t h e r e a t the lo\<fer 
t i d a l l e v e l s , and a l s o because a t t h i s s i t e the d i s t a n c e from 
h i g h water mark t o low wat e r mark i s s h o r t . 
CHAPTER 2 
S u b s t r a t e sampling and a n a l y s i s 
At each s t a t i o n where the d e n s i t y o f the Macoma 
p o p u l a t i o n was e s t i m a t e d , t h r e e o t h e r v a r i a b l e s were a l s o 
measured. These were t h e percentages o f ( i ) s i l t and c l a y , 
( i i ) o r g a n i c carbon, and ( i i i ) n i t r o g e n i n t h e d e p o s i t s . 
The t e c h n i q u e used f o r s u b s t r a t e sampling was a 
mud-sledge s i m i l a r t o t h a t designed by C a p s t i c k (1957) and 
i l l u s t r a t e d i n F i g . 2, By u s i n g t h i s mud-sledge o n l y the 
to p 1cm o f the s u b s t r a t e i s sampled. Macoma i s known t o feed 
m a i n l y from the s u r f a c e d e p o s i t s , so t h i s t e c h n i q u e should g i v e 
r e l e v a n t i n f o r m a t i o n about c o n d i t i o n s i n t h e ani m a l s ' f e e d i n g 
a r e a . The mud samples were t r a n s f e r r e d t o polychene bags 
and brought t o t h e l a b o r a t o r y . There a p r o p o r t i o n o f each 
sample was removed f o r o r g a n i c a n a l y s i s and oven d r i e d a t 
105°C f o r 48 h o u r s . 
Percentage o f s i l t and c l a y 
The percentage by w e i g h t o f s i l t and c l a y i n t h e 
d e p o s i t s was e s t i m a t e d by d r y s i e v i n g u s i n g an a u t o m a t i c s i e v i n g 
machine ( E n d e c o t t Sieve S h a k e r ) . The mesh a p e r t u r e o f the s i e v e 
t h a t was used was 0,08mm. To a v o i d coherence o f th e f i n e r 
p a r t i c l e s o f the s u b s t r a t e i t was found necessary t o wash t h e 
mud samples s e v e r a l t i m e s w i t h i n d u s t r i a l m e t h y l a t e d s p i r i t 
b e f o r e d r y i n g , as suggested by Newell ( I 9 6 5 ) . 
CAPSTICK MUD SLEDGE 
F i g u r e 2. Mud sledge ( C a p s t i c k , 
1957) and mode o f use ( f r o m Dunn, 
1967). 
^ r ibbon of substrate I cm. deep 
•7 »rfrf*.">.^*^>K 
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A f t e r washing, the samples were d r i e d i n an oven a t 
105°C f o r 2 hours and then c o o l e d i n a d e s i c c a t o r . A f t e r t h i s 
s i e v i n g c o u l d take p l a c e , and the percentage o f s i l t and c l a y 
were c a l c u l a t e d f o r each s u b s t r a t e as t h e p r o p o r t i o n by w e i g h t 
o f m a t e r i a l t h a t passed t h r o u g h the 0.08mm (200 mesh) s i e v e . 
E s t i m a t i o n o f o r g a n i c carbon 
To e s t i m a t e the percentage o f o r g a n i c carbon the 
Walkley Black wet o x i d a t i o n t e c h n i q u e was used. T h i s method 
i s d e s c r i b e d i n Appendix 1 , The method has l i m i t a t i o n s i n t h a t 
t h e percentage r e c o v e r y v a r i e s a c c o r d i n g t o t h e c o n d i t i o n o f t h e 
o r g a n i c carbon, b ut u s u a l l y about 75?^ o f t h e o r g a n i c carbon 
p r e s e n t i n the sample i s d e t e c t e d (Morgans, 1956; N e w e l l , 1965). 
Three d e t e r m i n a t i o n s were made f o r each sample and t h e mean v a l u e 
c a l c u l a t e d . 
E s t i m a t i o n o f o r g a n i c n i t r o g e n 
Organic n i t r o g e n was e s t i m a t e d by the semi-micro 
K j e l d a h l method i n v o l v i n g c o n v e r s i o n t o ammonia. T h i s method 
i s d e s c r i b e d i n Appendix 2, Three d e t e r m i n a t i o n s were made f o r 
each sample and the mean v a l u e c a l c u l a t e d . At t h e same time and 
s i t e s t h a t samples were ta k e n f o r n i t r o g e n e s t i m a t i o n , f u r t h e r 
samples were taken a t each s t a t i o n f o r b a c t e r i a l c o u n t s . These 
were made by Mr. A d r i a n Meyer t o f i n d o ut i f t h e r e was any 
c o r r e l a t i o n between numbers of l i v e b a c t e r i a and amount o f 
o r g a n i c n i t r o g e n i n the s u b s t r a t e . 
Table 1 . R e s u l t s o f s u b s t r a t e a n a l y s i s 
10 
Percentage Percentage Percentage 
S t a t i o n s i l t & c l a y o r g a n i c n i t r o g e n 
carbon 
Numbers o f 
b a c t e r i a 
1 
2 
3 
5 
6 
7 
8 
10 
11 
T 
27.1 
73.2 
28.3 
7.3 
2.0 
5.8 
0.3 
3.2 
20.6 
53.^ 
59.^ 
0.72 
2.25 
0.44 
0.15 
0.15 
0.15 
0.10 
0.20 
0.38 
1.15 
1.31 
0,075 
0.290 
0.052 
0.023 
0.036 
0.046 
0.015 
0.034 
0.052 
0.132 
0.146 
4.05 X 10 
0.70 X 10 
0.75 X 10 
1.30 X 10 
2.10 X 10 
4,45 X 10 
1.15 X 10 
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c o e f f i c i e n t , r = 0,708, i s s i g n i f i c a n t l y d i f f e r e n t from zero 
2 
(0.05 P 0.02). r = 30%, i . e . 30% o f the v a r i a t i o n i n 
o r g a n i c n i t r o g e n i s a s s o c i a t e d w i t h v a r i a t i o n i n the numbers 
of l i v e b a c t e r i a between samples. When dead b a c t e r i a are 
a l s o c o n s i d e r e d , t h i s i n d i c a t e s t h a t the main source o f o r g a n i c 
n i t r o g e n i n t h e s u b s t r a t e i s b a c t e r i a . 
Figure 4. Numbers of bacteria plotted against 
percentage of organic nitrogen 
Figure 4. Numbers of bacteria plotted against percentage 
of organic nitrogen 
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CHAPTER 3 
D i s t r i b u t i o n o f Macoma 
(a ) High t i d a l l e v e l sampling, s t a t i o n s 1 - 7 (see F i g . 1) 
At each s t a t i o n 3 - 5 samples were t a k e n . 
The s u r f a c e area o f each sr.mple was 33cm x 33cm (1/9 o f a 
square m e t r e ) . The f i r s t two samples a t each s t a t i o n were 
taken down t o 25cm depth t o f i n d out i f t h e r e were any 
S c r o b i c u l a r i a p l a n a a t the s i t e s . I f t h i s b i v a l v e d i d n o t 
occur a t the s i t e the o t h e r 3 samples were taken t o o n l y 
15cm dept h , but s t i l l w e l l below the burrows o f Macoma. 
The s u b s t r a t e so o b t a i n e d was then s i e v e d t h r o u g h 
a s i e v e which had a mesh a p e r t u r e o f 1mm. The Macoma from 
each quadrat were k e p t i n wa t e r from the s i t e and b r o u g h t t o 
the l a b o r a t o r y where the numbers from each sample were counted, 
o 
The animals were then d r i e d i n a vacuum oven a t 60 C f o r 
48 hours. 
R e s u l t s 
The d e n s i t y o f Macoma a t each s t a t i o n was c a l c u l a t e d 
by m u l t i p l y i n g the mean number from the r e p l i c a t e samples by 9. 
The f i g u r e s so o b t a i n e d g i v e the number per square me t r e . 
The p o p u l a t i o n e s t i m a t e s are p r e s e n t e d i n Table 2 
t o g e t h e r w i t h s t a n d a r d d e v i a t i o n and c o e f f i c i e n t o f v a r i a t i o n 
f o r each s e t o f samples. The mean numbers o f Macoma a t each 
s t a t i o n were then p l o t t e d a g a i n s t the t h r e e v a r i a b l e s o f the 
s u b s t r a t e and c o r r e l a t i o n c o e f f i c i e n t s c a l c u l a t e d ( F i g . 3). 
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D i s c u s s i o n 
The c o e f f i c i e n t s o f v a r i a t i o n f o r most o f the groups 
of r e p l i c a t e samples are l a r g e , which i m p l i e s t h a t the c o n f i d e n c e 
l i m i t s f o r t h e p o p u l a t i o n e s t i m a t e s are v e r y b r o a d . Higher 
numbers o f samples from each s t a t i o n would be needed t o make 
more a c c u r a t e e s t i m a t e s . 
None o f the c o e f f i c i e n t s o f c o r r e l a t i o n between 
numbers o f Macoma a t the seven s t a t i o n s and the t h r e e measured 
p r o p e r t i e s o f t h e s u b s t r a t e a r e s i g n i f i c a n t l y d i f f e r e n t from 
zero ( p > 0 . l ) . T his means t h a t f a c t o r s o t h e r than a v a i l a b l e 
f o o d i n the s u b s t r a t e are more i m p o r t a n t i n c o n t r o l l i n g the 
p o p u l a t i o n d e n s i t y o f Macoma a t t h i s t i d a l l e v e l . For example, 
Dunn (1967) found t h a t s e t t l e m e n t o f spat was low i n areas 
where time o f exposure was l o n g , i . e . a t h i g h t i d a l l e v e l s . 
A l s o i n c o l d w i n t e r s i t i s l i k e l y t h a t m o r t a l i t y o f Macoma 
i n t h e i r f i r s t year o f l i f e i s h i g h e r a t h i g h t i d a l l e v e l s than 
l o w e r on the shore, due t o the g r e a t e r ease i v i t h which i c e w i l l 
form over the mud. 
I n t h e p r e s e n t s t u d y o t h e r a n i m a l s p e c i e s are n o t 
l i k e l y t o have a f f e c t e d the d e n s i t y of Macoma, except p o s s i b l y 
a t s t a t i o n 1 where S c r o b i c u l a r i a p l a n a occurs a t a d e n s i t y o f 
138 per m^. A c c o r d i n g t o Green ( I 9 6 8 ) these two spe c i e s do 
no t occur t o g e t h e r a t h i g h d e n s i t i e s t o any e x t e n t , b u t a t 
low d e n s i t i e s t hey can c o e x i s t a t almost e q u a l numbers/m^, 
as i s the case h e r e . I t i s t h e r e f o r e p o s s i b l e t h a t the 
d e n s i t y o f Macoma a t s t a t i o n 1 does n o t g i v e a r e l i a b l e 
measure o f the number t h a t c o u l d l i v e t h e r e w i t h o u t the 
c o e x i s t e n c e o f S c r o b i c u l a r i a p l a n a . 
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I f t h e d e n s i t y o f Macoma a t s t a t i o n 1 i s o m i t t e d 
when the c o r r e l a t i o n c o e f f i c i e n t s are c a l c u l a t e d , these become 
r = - 0.2079 i% s i l t and c l a y ) , r = - 0.3^78 {% o r g a n i c carbon) 
and r = - 0.3314 {% o r g a n i c n i t r o g e n ) ; as b e f o r e , none o f them 
i s s i g n i f i c a n t l y d i f f e r e n t from z e r o . 
( b ) Sampling down the shore 
I t has been n o t e d by s e v e r a l a u t h o r s ( e . g . B r ^ f i e l d 
and N e w e l l , I 9 6 I ) t h a t Macoma u s u a l l y reaches i t s h i g h e s t d e n s i t y 
i n a broad b e l t a t or about m i d - t i d e l e v e l on i n t e r t i d a l mud f l a t s . 
To see i f t h i s was the case i n the p r e s e n t s t u d y a t r a n s e c t was 
ta k e n down t h e shore. 
Methods and r e s u l t s 
The t r a n s e c t was tak e n from "The B a s i n " (L.W.M.N.T.) 
t o the end o f t h e Causeway (H.W.M.N.T.), F i g . 1. Sajnpling s i t e s 
were s e p a r a t e d by about 20m. At each s i t e f o u r samples 10cm x 
10cm and 10cm deep were taken and s i e v e d . The mean number o f 
Macoma from t h e f o u r samples a t each s i t e was then c a l c u l a t e d 
and m u l t i p l i e d by 100 t o g i v e the number o f Macoma per m^. 
R e s u l t s from t h i s sampling are shown i n F i g , 6. 
To f i n d out i f the s i z e - d i s t r i b u t i o n o f Macoma a t l o w e r 
t i d a l l e v e l s d i f f e r e d from t h a t a t h i g h t i d a l l e v e l s (see l a t e r ) , 
i t was necessary t o take l a r g e r samples because t h e number o f 
Macoma sampled i n f o u r 10 x 10cm q u a d r a t s a t each s i t e on the 
t r a n s e c t was too low. T h e r e f o r e s t a t i o n s 8, 9, 10 and 11 ( F i g . l ) 
Figure 6, Numbers of Macoma/m at different 
s i t e s on the transect 
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were sampled i n the same way as d e s c r i b e d f o r the h i g h t i d a l 
l e v e l s a m pling. The p o p u l a t i o n e s t i m a t e s f o r these s t a t i o n s 
are shown i n Table 3 and s u b s t r a t e a n a l y s e s i n Table 1. 
S t a t i o n s 11 and 8 were a t t h e same t i d a l l e v e l s as t r a n s e c t 
s i t e s 1 and 5, r e s p e c t i v e l y . 
D i s c u s s i o n 
The p o p u l a t i o n e s t i m a t e s show t h a t the d e n s i t y was 
h i g h e s t a t s i t e s 3 and 4 on the t r a n s e c t ajid a t s t a t i o n s 9 and 10, 
2 
s t a t i o n 10 h o l d i n g the h i g h e s t d e n s i t y o f 6 l 4 Macoma per m . 
Knowing the t i d a l h e i g h t o f b o t h ends o f t h e t r a n s e c t (P. R, Evans, 
p e r s . comm.), i t i s c l e a r t h a t Macoma reaches i t s h i g h e s t d e n s i t y 
about m i d - t i d e l e v e l i n t h i s a r e a . 
S u b s t r a t e a n a l y s e s a t s t a t i o n s 8, 10 and 11 showed 
t h a t amounts o f o r g a n i c n i t r o g e n and o r g a n i c carbon were much 
h i g h e r a t s t a t i o n 11 than a t the o t h e r two s t a t i o n s . The s c a r c i t y 
o f Macoma a t s t a t i o n 11 (L.W.M.N.T,) t h e r e f o r e cannot be e x p l a i n e d 
by l i m i t e d amounts o f a v a i l a b l e food i n t h e s u b s t r a t e , 
Stephen (1932, c i t e d by Clay, 1962) found t h a t young 
spat d i e d q u i c k l y below low water mean t i d e l e v e l , and S e g e r s t r a l e 
(1960, 1962, c i t e d by Clay, I962) found t h a t t h e abundance o f 
Macoma decreased as depth i n c r e a s e d , m a i n l y because o f l a c k o f 
r e c r u i t m e n t . I t i s thus p r o b a b l e t h a t the low d e n s i t y o f 
Macoma a t s t a t i o n 11 and s i t e s 1 and 2 on the t r a n s e c t r e s u l t e d 
c h i e f l y from u n s u c c e s s f u l s e t t l e m e n t o f s p a t . 
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The d i s p e r s i o n o f Macoma b a l t h i c a i n an area o f h i g h d i e n s i t y 
Holme (1950)J s t u d y i n g the h o r i z o n t a l d i s p e r s i o n o f 
the b i v a l v e T e l l i n a t e n u i s i n the Exe e s t u a r y , found t h a t the 
sp a c i n g o f animals tended towards a r e g u l a r d i s t r i b u t i o n , 
i n d i c a t i n g r e p u l s i o n betv;een i n d i v i d u a l s . As T e l l i n a t e n u i s 
and Macoma b a l t h i c a are c l o s e l y r e l a t e d s p e c i e s , i t was decided 
t o i n v e s t i g a t e the d i s p e r s i o n o f Macoma f o r comparison. 
Methods and r e s u l t s 
I n an area o f h i g h d e n s i t y between s t a t i o n s 9 and 10 
( F i g . 1) a p l o t 100cm x 50cm was marked on the s u b s t r a t e . 
T h i s area was then d i v i d e d i n t o f i f t y a d j a c e n t 10cm x 10cm 
q u a d r a t s (see F i g . ^ ) . The top 10cm o f s u b s t r a t e f r o m each 
q u a d r a t was then dug out and s i e v e d i n t h e same way as used 
f o r the p o p u l a t i o n e s t i m a t e s . The number o f Macoma ( i r r e s p e c t i v e 
o f s i z e ) i n each quadrat was then n o t e d ( F i g . ^ , 6 ) , The mean 
number o f Macoma per quadra t ( x ) and t h e v a r i a n c e CS^) were 
c a l c u l a t e d t o g i v e a c o e f f i c i e n t o f d i s p e r s i o n ( 3 ^ / x ) . I n 
a clumped d i s t r i b u t i o n t h i s c o e f f i c i e n t o f d i s p e r s i o n has a 
va l u e g r e a t e r than one, b u t i n even d i s t r i b u t i o n l e s s than one. 
To f i n d out i f t h e d i s p e r s i o n o f Macoma was s i g n i f i c a n t l y 
d i f f e r e n t from random the Chi-square t e s t was used t o compare the 
observed numbers o f q u a d r a t s c o n t a i n i n g 0, 1, 2, e t c , Macoma per 
qua d r a t w i t h t h e numbers expected from a random d i s t r i b u t i o n , 
c a l c u l a t e d from the Poisson s e r i e s . 
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F i g u r e 7.. Observed number o f Macoma i n each 10cm x 10cm q u a d r a t 
A B C D E F G H I J 
I 3 6 2 4 4 6 6 2 5 6 
I I 5 3 2 3 4 1 8 5 3 4 
I I I 5 5 4 2 3 8 5 5 5 1 
IV 5 3 3 3 7 3 7 3 2 3 
V 5 1 5 5 3 4 5 3 1 2 
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A va l u e o f c h i - s q u a r e d = (0 - E)^/E was c a l c u l a t e d f o r 
each c l a s s o f o b s e r v a t i o n ( c l a s s e s where E was l e s s than 5 
were grouped w i t h a d j a c e n t c l a s s e s ) and t h e v a l u e s t h e n 
summed (Table 4), The v a l u e o b t a i n e d , 9,l648, l i e s between 
the v a l u e s expected f o r X ^ a t the 3% (9.^88) and 10?^  Iev6 
4 
(7.78) o f s i g n i f i c a n c e , b u t c l o s e r t o the f o r m e r . 
D i s c u s s i o n 
The r e s u l t s from t h i s s t u d y show t h a t t h e d i s t r i b u t i o n 
o f Macoma i n t h e p l o t o f h i g h d e n s i t y (404 Macoma per m^) 
was s i g n i f i c a n t l y d i f f e r e n t f r o m random a t about the G% l e v e l . 
Had more q u a d r a t s been examined, t h e tendency towards an even 
d i s t r i b u t i o n m i g h t have been c o n f i r m e d as a g e n e r a l i z a t i o n . 
Holme (1950) p l o t t e d t h e p o s i t i o n s o f i n d i v i d u a l s h e l l s 
i n a n a t u r a l p o p u l a t i o n o f T e i i i n a t e n u i s a_nd found t h a t 
fewer i n d i v i d u a l s than expected o c c u r r e d l e s s than 1 i n a p a r t 
and none l e s s t h a n 0,6 i n a p a r t . He a l s o found t h a t by 
i n c r e a s i n g t h e d e n s i t y o f T e l i i n a a r t i f i c i a l l y un the shore 
shore the chances o f randomly d i s t r i b u t e d i n d i v i d u a l s l y i n g 
c l o s e t o one an o t h e r i n c r e a s e d . 
From these r e s u l t s Holme suggested t h a t a t moderate 
d e n s i t i e s each i n d i v i d u a l occupied a " t e r r i t o r y " d e t ermined 
by the range o f movement o f i t s i n h a l a n t s i p h o n on the s u b s t r a t e 
s u r f a c e . I f the tendency towards an even d i s t r i b u t i o n i n t h e 
Macoma p o p u l a t i o n s t u d i e d had been c o n f i r m e d , i t c o u l d have been 
e x p l a i n e d i n the same way, as Macoma a l s o has a l o n g i n h a l a n t 
s i p h o n which scours the s u r f a c e o f the s u b s t r a t e . 
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Table 4. Observed and expected numbers o f q u a d r a t s c o n t a i n i n g 
d i f f e r e n t numbers o f Macoma 
Number of Observed 
Macoma fr e q u e n c y 
per q u a d r a t 0 
Expected Sign o f 2 
f r e q u e n c y d e v i a t i o n (0 - E) /E 
0 
1 
2 
3 
k 
5 
6 
7 
8 
8 
0 
k 
6 
11 
6 
15 
2 
2 
0 
E 
0.88 
3.55 
7.17 
9.66 
9.75 
7.88 
5.30 
3.06 
1.5^ 
1.21 
0 - E 
- 1.60 
1.3^ 
- 3.75 
7.12 
- 1.30 
- 1.81 
0.2206 
0.1858 
1.4^23 
6.4332 
0.3189 
0.5640 
T o t a l X = 9.1648 
s = 3.038 
D e r i v e d f r o m Poisson d i s t r i b u t i o n w i t h the same mean 
and v a r i a n c e 
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CHAPTER FOUR 
Size and age d i s t r i b u t i o n 
T h i s i n v e s t i g a t i o n was made t o f i n d out ( i ) the g e n e r a l 
s i z e and age d i s t r i b u t i o n o f the Macoma p o p u l a t i o n , and ( i i ) i f 
t h e r e were any d i f f e r e n c e s i n s i z e d i s t r i b u t i o n and growth r a t e 
between d i f f e r e n t s t a t i o n s a t the same t i d a l l e v e l and/or between 
s t a t i o n s a t d i f f e r e n t t i d a l l e v e l s . 
I n the Dee e s t u a r y S t o p f o r d (1951) found t h a t the 
s e t t l e m e n t o f spat was h e a v i e s t i n June - J u l y . Thus, sampling 
i n May and June s h o u l d n ot d e t e c t ajiy c o n s i d e r a b l e number o f 
i n d i v i d u a l s s p a t t e d i n the s p r i n g . The s m a l l e r i n d i v i d u a l s 
sampled d u r i n g t h i s s t udy p r o b a b l y came from l a t e i n l a s t year's 
(1972) spawning season. The s c a r c i t y o f animals under lOmm^ 
3«5nim on l e n g t h b a s i s ) l e n d s s u p p o r t t o t h i s , ^ 
Measurements o f animals 
wTien the c o l l e c t i o n s o f animals had been d r i e d , each 
one was measured across i t s l o n g e s t 
h o r i z o n t a l a x i s and l o n g e s t v e r t i c a l 
a x i s (see d i a g r a m ) . 
M u l t i p l y i n g the f i g u r e s so o b t a i n e d 
gave an i n d e x o f t h e area o f t h e s h e l l . T h i s i n d e x was th o u g h t 
t o be a more l o g i c a l measure o f growth r a t e than the l e n g t h o f 
the s h e l l t h a t has been used by o t h e r w o r k e r s . 
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D i s c u s s i o n 
Growth r a t e : The r e s u l t s p r e s e n t e d i n Table 5 show t h a t a f t e r 
the f i r s t year the i n c r e a s e i n area i n d e x o f the s h e l l i s s i m i l a r 
from year t o year t h r o u g h o u t the l i f e span o f the a n i m a l . As 
expected, the s i z e reached by the end o f t h e f i r s t year i s l o w e r . 
T - t e s t between t h e means 3^.0mm^ and ^S.^nim^ (see Table 5 ) shows 
p r o b a b l y 
t h a t growth r a t e i n the f i r s t year o f l i f e i s / s i g n i f i c a n t l y l o w e r 
than t h a t i n t h e second and t h i r d year ( t = 1.70, p-n-O.l). 
The growth r a t e was l o w e s t a t s t a t i o n 1 , most p r o b a b l y 
because o f reduced s a l i n i t y a t t h i s s t a t i o n r e s u l t i n g from a 
f r e s h w a t e r i n f l o w . (Very l i t t l e f r e s h w a t e r e n t e r s elsewhere 
on t h e m u d f l a t s ) . I n a r e v i e w o f the l i t e r a t u r e , Clay (1962) 
r e c o r d s t h a t " i n the o l d p o r t o f Vimereux, i n which the sea 
water o n l y e n t e r s a t t h e h i g h e s t t i d e s o f t h e f u l l moon, 
Macoma i s o n l y h a l f as l a r g e as i n marine p o s i t i o n s . I n the 
B a l t i c a l s o , the animals a r e , on t h e whole, n o t i c e a b l y s m a l l e r 
t h a n i n open w a t e r " . Dunn (I967) a l s o found evidence o f 
reduced growth r a t e s i n t h e upper reaches o f the Ythaj^ e s t u a r y , 
S c o t l a n d . 
The h i g h e s t growth r a t e o c c u r r e d a t s t a t i o n 9, 
s i t e d a t about m i d - t i d e l e v e l . These r e s u l t s agree w i t h those 
of Brady (19^3) who found t h a t the growth r a t e o f Macoma a t 
Budle Bay (3 m i l e s south o f L i n d i s f a r n e ) was h i g h e r a t low e r 
t i d a l l e v e l s , most l i k e l y as a r e s u l t o f i n c r e a s e d f e e d i n g 
t i m e d u r i n g submersion. 
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Size d i s t r i b u t i o n from measurement o f area i n d i c e s 
Most o f the h i s t o g r a m s ( F i g . 8a and b f o r the d i f f e r e n t 
s t a t i o n s show d i s t i n c t peaks a t one or more s m a l l s i z e - c l a s s e s . 
As the s i z e i n c r e a s e s , the peaks become l e s s d i s t i n c t , p r o b a b l y 
as a r e s u l t o f i n c r e a s e d o v e r l a p between a g e - c l a s s e s . The 
r e s u l t s o f t h e growth r a t e s t u d y a l l o w the age- c l a s s r e p r e s e n t e d 
by each peak t o be decided t e n t a t i v e l y . 
The h i s t o g r a m f o r s t a t i o n 1 shows a major peak a t 
90 - lOOmm^. A c c o r d i n g t o Table 5 the animals i n t h i s s i z e -
c l a s s are l i k e l y t o be 3 ye a r s o l d ; t h e r e i s a l s o a s m a l l e r 
peak a t 120 - 130mm showing t h e presence o f k years o l d 
i n d i v i d u a l s . From the h i s t o g r a j n i t i s obvious t h a t s e t t l e m e n t 
and/or s u r v i v a l o f spat has been r a t h e r poor a t t h i s s t a t i o n i n 
1971 and 1972. The maximum l i f e - s p a n seems t o be 5 or even 
6 y e a r s . 
At s t a t i o n 2 t h e growth r i n g s on Macoma s h e l l s were 
v e r y obscure, so ageing was almost i m p o s s i b l e . Hov/ever, because 
the sampling was made e a r l y i n the gro w i n g season, the peaks on 
the h i s t o g r a m can be used t o g i v e an i n d i c a t i o n o f grov/th r a t e . 
I t i s c l e a r t h a t one year o l d animals were c o m p l e t e l y m i s s i n g 
fr o m t h i s s i t e i n 1973. The peak a t 80 - 90mm^ p r o b a b l y 
r e p r e s e n t s 2 ye a r s o l d a n i m a l s . I f t h i s i s c o r r e c t , then t h e 
growth r a t e a t t h i s s t a t i o n i s almost as h i g h as a t s t a t i o n 9, 
even though a t a h i g h e r t i d a l l e v e l . 
A h i g h growth r a t e a t s t a t i o n 2 c o u l d be e x p l a i n e d 
by t h e v e r y h i g h l e v e l s o f o r g a n i c m a t t e r ( d e b r ^ e ) a t t h i s 
s t a t i o n (Table 1 ) . The time f o r f e e d i n g may a l s o be l o n g e r 
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a t s t a t i o n 2 than a t the o t h e r h i g h t i d a l l e v e l s t a t i o n s , due 
t o the s o f t n e s s o f the s u r f a c e d e p o s i t s , w i t h s m a l l mean p a r t i c l e 
s i z e a i d i n g r e t e n t i o n o f a s u r f a c e w a t e r f i l m . 
At s t a t i o n 3 the growth r i n g s on t h e s h e l l s were n o t 
v e r y c l e a r , though b e t t e r than a t s t a t i o n 2. The h i s t o g r a m f o r 
t h i s s t a t i o n shows a h i g h percentage i n the 10 - 20mm^ s i z e - c l a s s 
2 
w i t h a n o t h e r peak a t t h e kO - ^Omm c l a s s , c o r r e s p o n d i n g t o t h e 
f i r s t year group as judged by growth r i n g s . The o n l y p o s s i b l e 
e x p l a n a t i o n f o r t h e s m a l l e r s i z e - c l a s s i s a h i g h l y s u c c e s s f u l 
s e t t l e m e n t o f spat l a t e i n the 1972 spawning season. 
The h i s t o g r a m s f o r the t h r e e o t h e r h i g h t i d a l l e v e l 
s t a t i o n s (^, 5 and 6 ) , which a l l r e p r e s e n t s i m i l a r s u b s t r a t e , 
do not show much v a r i a t i o n , except t h a t one year o l d animals 
are n o t as common a t s t a t i o n 6 as a t t h e o t h e r two. 
I t i s c l e a r from t h i s s t u d y t h a t the s i z e - f r e q u e n c y 
d i s t r i b u t i o n d i f f e r s between s t a t i o n s a t s i m i l a r h i g h t i d a l l e v e l . 
The d i f f e r e n c e s are m o s t l y caused by d i f f e r e n c e s i n t h e success 
o f s e t t l e m e n t and s u r v i v a l o f spat a t any one s t a t i o n from year 
t o y e a r . At these h i g h t i d a l l e v e l s the maximum l i f e span 
seems t o be 5 t o 6 y e a r s , b u t o n l y low percentage o f t h e 
p o p u l a t i o n l i v e s l o n g e r than ^ y e a r s . 
S e v e r a l workers have found t h a t s i z e - d i s t r i b u t i o n 
changes w i t h the time o f exposure o f t h e s u b s t r a t e . S e g e r s t r a l e 
(1927, c i t e d by Clay) concluded t h a t a downshore m i g r a t i o n t o o k 
p l a c e d u r i n g t h e development o f t h e a n i m a l . I f so, one would 
expect a dominance o f l a r g e r s i z e groups a t l o w e r t i d a l l e v e l s . 
S e l e c t i v e p r e d a t i o n c o u l d a l s o a f f e c t t h e s i z e -
d i s t r i b u t i o n a t d i f f e r e n t l e v e l s on t h e s h o r e , Goss-Custard (1969) 
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found t h a t Redshank T r i n g a t o t a n u s , f e e d i n g i n the Ythan e s t u a r y , 
had a p r e f e r e n c e f o r Macoma, r a n g i n g from 7 - 13nun i n l e n g t h 
( c . a . ^0 - 150mm^ on area i n d e x b a s i s ) . As the time a v a i l a b l e 
f o r f e e d i n g by wading b i r d s i n c r e a s e s w i t h d i s t a n c e from low 
water mark, s i z e - p r e f e r e n c e s i n t h e i r f e e d i n g c o u l d o b v i o u s l y 
a f f e c t the s i z e - d i s t r i b u t i o n o f pr e y down the shore. However, 
i n the p r e s e n t s t u d y the s i z e - f r e q u e n c y d i s t r i b u t i o n s o f Macoma 
a t the low e r s t a t i o n s ( 8 , 9 and 10) do n o t p r o v i d e evidence f o r 
m i g r a t i o n or s e l e c t i v e p r e d a t i o n , perhaps because any such t r e n d s 
are masked by y e a r - t o - y e a r v a r i a t i o n s i n s p a t - f a l l a t the d i f f e r e n t 
s i t e s . The o n l y marked d i f f e r e n c e between upper and low e r l e v e l s 
seems t o i n d i c a t e h i g h e r growth r a t e s l o w e r down on t h e sho r e . 
The most w i d e l y used g r a p h i c a l method f o r s e p a r a t i n g 
polymodal f r e q u e n c y d i s t r i b u t i o n s o f s i z e - c l a s s e s i n t o age-classes 
employs p r o b a b i l i t y paper ( C a s s i e , 1 9 5 ^ ) . This method c o u l d be 
used o n l y f o r r e s u l t s from s t a t i o n 2 i n t h i s i n v e s t i g a t i o n , 
because o v e r l a p between age-classes was too g r e a t a t o t h e r s i t e s . 
For s t a t i o n 2 t h e percentage c u m u l a t i v e f r e q u e n c y (PCF) d i s t r i b u t i o n 
was p l o t t e d on a r i t h m e t i c p r o b a b i l i t y paper. The b e s t f i t t i n g 
s i g m o i d a l curve was then drawn t h r o u g h t h e p o i n t s axid the p o i n t 
o f i n f l e x i o n between the f i r s t two s u b - p o p u l a t i o n s l o c a t e d (see 
F i g . 9 ) , T h i s p o i n t o c c u r r e d a t t h e 39% PCF l e v e l v/hich i m p l i e s 
t h a t the f i r s t s u b - p o p u l a t i o n ( s m a l l e s t s i z e - c l a s s ) comprised 
59% o f the t o t a l p o p u l a t i o n . 
There was no o v e r l a p between second and t h i r d sub-
p o p u l a t i o n s , t h e r e f o r e the p r o p o r t i o n o f t h e t o t a l p o p u l a t i o n 
made up by the second s u b - p o p u l a t i o n c o u l d be c a l c u l a t e d d i r e c t l y 
by s u b t r a c t i n g 39% from 96.5% ( t h e PCF l e v e l d i v i d i n g t h e second 
Figure 9, The s i z e - c l a s s d i s t r i b u t i o n of Macoma 
from sta t i o n 2 plotted on probability 
paper, showing point of i n f l e x i o n and 
calculated s t r a i g h t - l i n e plots 
35 
Figure 9 
ID 
± 
( mm) TOHS 50 XaQNI VSHV 
36 
and l a s t s i z e - c l a s s e s i n t h e p o p u l a t i o n ) . The second s i z e - c l a s s 
t h u s formed 37.5% of the t o t a l . To produce a s t r a i g h t l i n e p l o t 
f o r the s m a l l e s t s u b - p o p u l a t i o n , s e l e c t e d p o i n t s were m u l t i p l i e d 
by ''"'^ '^ /59 and p l o t t e d on the same p r o b a b i l i t y diagram. The same 
was done f o r t h e second s u b - p o p u l a t i o n except t h a t b e f o r e m u l t i -
p l y i n g the s e l e c t e d p o i n t s , 59% was s u b t r a c t e d from each PCF 
and the r e s u l t a n t percentages were m u l t i p l i e d by "'''^ '^ /37.5. 
From the s t r a i g h t l i n e s so produced, t h e means f o r each sub-
p o p u l a t i o n c o u l d be o b t a i n e d by r e a d i n g o f f the s i z e a t t h e 
50% PCF l e v e l . Standard d e v i a t i o n s f o r each mean were then 
c a l c u l a t e d by s u b t r a c t i n g t h e s i z e a t t h e l 6 % PCF l e v e l from 
t h e mean. 
R e s u l t s 
_ 2 
S u b - p o p u l a t i o n 1 59% x = 80mm S.D. = 15.0 
S u b - p o p u l a t i o n 2 37.5 x = l62mm^ S.D. = 19,0 
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CHAPTER 5 
Dry weight measurements 
Th i s part of the p r o j e c t was c a r r i e d out to f i n d out 
the r e l a t i o n s h i p s betweeen the dry weights of f l e s h and s h e l l s 
and the area index of Macoma s i z e . 
As the growth r a t e i n v e s t i g a t i o n showed that there 
was a d i f f e r e n c e i n s i z e of equal-age animals between s t a t i o n s 
i t was decided to use animals from the same s i t e s , i n c l u d i n g 
s t a t i o n 2, to f i n d out i f the dry weight of f l e s h and s h e l l s 
showed the same trend as the r a t e of growth. 
Before drying, the animals were kept not longer than 
5 - 6 hours i n water from the sampling s i t e s . I t i s therefore 
l i k e l y that they did not have enough time to c l e a r t h e i r gut 
completely. Thus the dry weight of " f l e s h " i s probably s l i g h t l y 
too high, as i t may i n c l u d e some sediments ingested p r i o r to 
c o l l e c t i o n . 
There was a l s o a d i f f e r e n c e i n date of sampling at the 
d i f f e r e n t s i t e s ; animals from s t a t i o n 9 were c o l l e c t e d J'J weeks 
l a t e r than animals at s t a t i o n s 1 and 2, The animals at s t a t i o n 
9 have thus had a s l i g h t l y longer period i n the 1975 growing 
season i n which to gain weight. However, according to A n s e l l & 
T r e v a l l i o n ( I 9 6 7 ) , who studied T e l l i n a t e n u i s i n Scotland, t h i s 
depends on when the spawning season begins. They found that 
the body weight was minimal from February to e a r l y May, but 
i n c r e a s e d g r e a t l y during May, I n June when the spawning season 
began, the body weight f e l l and f l u c t u a t e d f u r t h e r throughout 
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the spavming season as a r e s u l t o f changing balance between 
growth o f body and gonad and l o s s e s o f m a t e r i a l i n spawning. 
Hancock and F r a n k l i n (1972) found t h a t the d r y w e i g h t 
o f Cardium edule was m i n i m a l a t a s i m i l a r time as found f o r 
T e l l i n a t e n u i s . T h e r e f o r e any r e l a t i o n s h i p between d r y w e i g h t 
o f f l e s h and area i n d e x o f s h e l l o f Macoma cannot be regarded 
as c o n s t a n t t h r o u g h o u t the y e a r . 
Methods and r e s u l t s 
Each animal from the f i v e s t a t i o n s t h a t nad an area 
i n d e x above 30mm^ was weighed s e p a r a t e l y ; b o t h t o t a l w e i g h t 
and v/eight o f f l e s h were o b t a i n e d . The mean w e i g h t s o f s h e l l 
and d r y f l e s h f o r each s i z e - c l a s s a t the d i f f e r e n t s t a t i o n s are 
pr e s e n t e d i n Tables 6 and 7. 
C o r r e l a t i o n c o e f f i c i e n t s were c a l c u l a t e d f o r log-j^^ d r y 
we i g h t o f f l e s h a g a i n s t log-|_Q area i n d e x o f s h e l l , and log-|^Q d r y 
vj-eight o f s h e l l a g a i n s t log-j^^ area i n d e x o f s h e l l f o r each s t a t i o n , 
The c o r r e l a t i o n c o e f f i c i e n t s , r , t o g e t h e r w i t h the r e g r e s s i o n 
c o e f f i c i e n t s b ( s l o p e o f r e g r e s s i o n l i n e ) and a ( i n t e r c e p t on 
the o r d i n a t e ) are p r e s e n t e d i n Tables 8 and 9, 
To f i n d out i f the r e g r e s s i o n l i n e s (see Fig . 1 0 ) f o r 
d i f f e r e n t s t a t i o n s were s i g n i f i c a n t l y d i f f e r e n t , the slopes were 
compared by t - t e s t s . For l o g -^ ^ d r y w e i g h t o f f l e s h a g a i n s t 
log-|^Q area i n d e x o f s h e l l , t - t e s t s showed t h a t b f o r s t a t i o n 1 
was s i g n i f i c a n t l y lower than b f o r a l l o t h e r s t a t i o n s . A l s o , 
b f o r s t a t i o n 9 was s i g n i f i c a n t l y h i g h e r than a l l t h e o t h e r s . 
Values o f t f o r these comparisons are g i v e n i n Table 10. 
Table 6. Mean dry weight of s h e l l i n each size-class ^50nmi ) 
at s t a t i o n s 1, 2, 3, ^, and 9. Numbers i n brackets 
erive the number of measurements behind each mean 
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Size-
class S t a t i o n 1 Stat i o n 2 St a t i o n 3 St a t i o n 4 S t a t i o n 9 
320 
310 
300 
290 
280 
270 
260 
250 
240 
230 
220 
210 
200 
190 
180 
170 
160 
150 
140 
130 
120 
110 
100 
90 
80 
70 
60 
50 
1205.7 (1) 
882.5 (1) 
565.0 (2) 
508.8 (1) 
424.7 (1) 582.7 (2) 
294.8 (3) 506.9 (2) 
436.1 (1) 282.7 (7) 475.1 (4) 
411.1 (1) 255.1 (7) 412.1 (1) 
364.8 (2) 246.7 (9) 443.1 (2) 
365.5 (3) 212.9(10) 261.5 (1) 322.2 (2) 
312.9 (3) 185.2(10) 249.0 (1) 299.3 (4) 
261.4 (7) 172.5 (5) 267.3 (1) 249.2 (4) 
220.2 (8) 215.1 (4) 193.8 (4) 
181.9 (13) 131.^ (3) 159.1 (7) 169.2 (7) 
168.0 (8) 83.9 (5) 130.6 (7) 
144.3 (9) 69.7 (8) 112.2 (8) 111.5 (5) 
104.8(20) 62.8(22) 88.7 (8) 84.4 (6) 
75.^ (8) 53.9(23) 75.5(10) 75.2(11) 
64.9 (6) 43.6(10) 58.0 (3) 64.2(19) 
52.4 (7) 38.4 (5) 44.6 (8) 
28.6 (5) 33.6 (2) 31.6(17) 
879.2 (1) 
929.6 (1) 
743.4 (2) 
676.5 (1) 
812.7 (2) 
536.7 (1) 
619.9 (3) 
472.8 (2) 
395.^ (2) 
352.5 (9) 
335.^ (5) 
303.6(10) 
239.7 (6) 
233.9(10) 
177.6 (6) 
176.2(10) 
129.6 (9) 
113.7 (6) 
100.3 (1) 
65.8 (4) 
49.4 (9) 
38.6(14) 
27.0(15) 
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Table 7. Mean dry weight of f l e s h i n each size class (> JOram ) 
at s t a t i o n s 1, 2, 3, k and 9. Numbers i n brackets 
give the number of measurements behind each mean 
bize-
class i t a t i o n 1 St a t i o n S t a t i o n 3 S t a t i o n 4 Sta t i o n 9 
320 196.3 (1) 
310 109.3 (1) 
300 
290 
280 
270 105.5 (1) 
260 109.1 (2) 104.0 (1) 
250 106.0 (1) 87.1 (2) 
240 74.4 (1) 
230 96.7 (2) 
220 78.8 (1) 
210 86.6 (1) 49.8 (2) 83.1 (3) 
200 70.2 (3) 47.6 (2) 77.7 (2) 
190 36.0 (1) 74.0 (7) 44.8 (4) 72.2 (2) 
180 34.3 (1) 71.5 (7) 40.3 (1) 69.6 (9) 
170 35.4 (2) 63.9 (9) 44.2 (2) 65.4 (5) 
160 32.3 (3) 58.4(10) 47.1 (1) 43.6 (2) 57.1(10) 
150 35.7 (3) 53.8(10) 47.4 (1) 37.3 (4) 55.0 (6) 
iko 27.6 (7) 51.6 (5) 55.5 (1) 36.3 (4) 45.7(10) 
130 26.5 (8) 42.1 (4) 33.4 (4) 43.4 (6) 
120 24.9(13) 44.1 (3) 37.7 (7) 29.0 (7) 38.8(10) 
110 23.8 (8) 35.8 (5) 26.5 (6) 32.2 (9) 
100 24.0 (9) 31.9 (8) 29.5 (8) 22.3 (5) 24.3 (6) 
90 19.3(20) 28.4(22) 26.6 (8) 21.3 (6) 26.3 (1) 
80 17.2 (8) 26.1(23) 23.1(10) 17.7(11) 17.9 (4) 
70 16.9 (6) 20.8(10) 17.8 (3) 15.4(19) 13.9 (9) 
60 14.3 (7) 22.8 (5) 14.8 (8) 11.1 (9) 11.2(14) 
50 9.6 (5) 14.9 (2) 10.6(17) 9.9 (4) 8.0(15) 6.4(16) 
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For loS-]_Q dry weight of s h e l l s against log-j^Q area 
index of s h e l l ( F i g . 10), t - t e s t s showed tha t values of B 
did not d i f f e r between s t a t i o n , w i t h one exception : b f o r 
s t a t i o n 4 was s i g n i f i c a n t l y higher than B f o r s t a t i o n 2 (see 
Table 11). 
Having found th a t the slopes of the regression l i n e s 
d i d not d i f f e r between s t a t i o n s , the i n t e r c e p t s v;ith the 
ordinate (a) were compared by t - t e s t s (see Table 12). As 
these did not show any s i g n i f i c a n t d i f f e r e n c e s i t can be 
concluded t h a t the values represented by the d i f f e r e n t l i n e s 
do not d i f f e r s i g n i f i c a n t l y . 
Discussion 
A l l the c o r r e l a t i o n c o e f f i c i e n t s f o r log2_Q dry weight 
of f l e s h against log-|_Q area index of s h e l l are s i g n i f i c a n t l y 
d i f f e r e n t from zero (p;' 0.001) which i n d i c a t e s t h a t area index 
of s h e l l gives r e l i a b l e i n f o r m a t i o n about weight of f l e s h 
i n s i d e the s h e l l s at a given s t a t i o n , but as the slopes of the 
regression l i n e s f o r d i f f e r e n t s t a t i o n s are s i g n i f i c a n t l y 
d i f f e r e n t , the same size of s h e l l does not hold the same amount 
of f l e s h at d i f f e r e n t s t a t i o n s . Increase i n weight of dry 
f l e s h w i t h increased size of s h e l l i s lowest at s t a t i o n 1 
but highest at s t a t i o n 9. These r e s u l t s agree w i t h the 
r e s u l t s from the growth r a t e study, where s t a t i o n 1 had the 
lowest increase i n area index of s h e l l per year, but s t a t i o n 9 
the highest. However, the increase i n s h e l l v/eight w i t h 
increased size does not d i f f e r between s t a t i o n s , except at 
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s t a t i o n s 4 and 2, as mentioned before. As the c o r r e l a t i o n 
c o e f f i c i e n t s f o r log-|_Q dry weight of s h e l l s against log-|_Q 
area index of s h e l l are a l l s i g n i f i c a n t l y d i f f e r e n t from zero 
( p > 0.001) but n e i t h e r slopes nor i n t e r c e p t s w i t h ordinate 
d i f f e r s i g n i f i c a n t l y between s t a t i o n s , the area index of s h e l l 
gives r e l i a b l e i n f o r m a t i o n about the weight of s h e l l at a l l 
sampling s i t e s examined at L i n d i s f a r n e . 
The r e s u l t s from t h i s i n v e s t i g a t i o n i n d i c a t e t h a t 
environmental f a c t o r s causing low or high growth r a t e have 
the same e f f e c t s on rate of increase i n dry weight of f l e s h 
w i t h increased size of s h e l l ; however, the thickness of the 
s h e l l s formed at d i f f e r e n t s t a t i o n s does not seem to be a f f e c t e d . 
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C a l o r i f i c content 
C a l o r i f i c contents of animals from d i f f e r e n t s i z e -
classes and d i f f e r e n t s t a t i o n s were determined to f i n d out i f 
there were any d i f f e r e n c e s i n body composition, as i n d i c a t e d by 
c a l o r i f i c value/gm between size-classes and/or between s t a t i o n s . 
Methods 
A f t e r the d r i e d f l e s h had been removed from the s h e l l s 
o 
and v/eighed, i t was d r i e d again i n a vacuum oven at 60 G f o r 
12 hours to remove any moisture t h a t might have been adsorbed 
during weighing. 
Thereafter animals from a chosen size-class and 
s t a t i o n were combined u n t i l t h e i r weight was v/it h i n the range 
0.25gm to 0.40gm. A p e l l e t was then made and weighed accurately. 
To determine the c a l o r i f i c content of each p e l l e t a 
B a l l i s t i c Bomb Calorimeter was used, according to the i n s t r u c t i o n s 
given i n Appendix 3. VJhen each p e l l e t had been "bombed", the amount 
of inorganic matter was weighed and subtracted from the i n i t i a l 
weight of the p e l l e t to f i n d out the amount of organic matter 
bu r n t , A c a l i b r a t i o n curve was made f o r the calorimeter by 
burning d i f f e r e n t v/eights of benzoic acid which has known 
c a l o r i f i c content of 6319 cal/gm. The c a l o r i f i c content of 
the organic matter i n each p e l l e t could then be read from t h i s 
curve, 
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Table 13. C a l o r i f i c content presented as Kcal/g of organic matter 
oize-class S t a t i o n 1 Sta t i o n 3 St a t i o n 4 Sta t i o n 9 Mean 
30-50 4.93 5.36 5.30 5.26 5.21 
50-70 5.28 5.10 5.20 5.19 
70-90 4.99 5.46 5.15 4.98 5.15 
90-110 4.94 5.00 5.20 5.20 5.09 
110-130 4.90 5.15 5.05 5.50 5.15 
130-150 4.90 5.45 4.96 5.10 
150-170 5.29 4.85 
170 4.97 
Mean 4.93 5.25 5.19 5.14 
S.D. 0.0014 0.0293 0.0239 0.0488 
t - t e s t between 3 and 1 s i g n i f i c a n t at ( t = 3.9506) 
0.01 <p < 0.002 
t - t e s t between 9 and 1 ( t = 2.085) 
0.1 < p< 0.05 
t - t e s t between 4 and 1 ( t = 3 . 6 I I ) 
0.01 <p<, 0.002 
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"Results and discussion 
The r e s u l t s are presented i n Table 13. Only single 
measurements have produced most of the values given i n the table 
as there was i n s u f f i c i e n t m a t e r i a l f o r many du p l i c a t e determin-
a t i o n s . As may be seen, there i s no evidence of d i f f e r e n c e s 
i n c a l o r i f i c value (per gram of organic matter) from d i f f e r e n t 
size-classes. But when the means f o r d i f f e r e n t s t a t i o n s are 
compared, t - t e s t s show that the mean f o r s t a t i o n 1 i s s i g n i f i -
c a n t l y lov.-er than the means f o r s t a t i o n s 3 and 4 (see Table), 
I t i s thus not possible to regard the c a l o r i f i c content as 
being constant per gram of organic matter from Macoma i n the 
Li n d i s f a r n e area. 
The r e s u l t s from t h i s i n v e s t i g a t i o n show the same 
trend as those from the growth r a t e study and dry weight 
measurements, namely the animals at s t a t i o n 1 have not only 
the lowest growth r a t e of s h e l l area per year and lov/est 
increase i n dry weight of f l e s h w i t h increased s i z e , but also 
have s i g n i f i c a n t l y lower c a l o r i f i c content per gm of organic 
matter. 
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CHAPTER 6 
Heavy metal analyses 
Marine organisms are able to accumulate i n t h e i r 
t i s s ues and skeletons many of those heavy metals occurring i n 
very low concentrations i n t h e i r e x t e r n a l environment. Concen-
t r a t i o n f a c t o r s of hundreds or even thousands are commonly found 
(Bryan 1971). 
Accumulation of t h i s k ind introduces heavy metals i n t o 
the food web and makes them a v a i l a b l e to predators, e.g. f i s h 
and b i r d s , i n high concentrations. 
In the present i n v e s t i g a t i o n , concentrations of cadmium 
and lead i n the e n t i r e s o f t p a r t s of Macoma b a l t h i c a and S c r o b i c u l a r i a 
plana were determined. Concentrations of calcium were also 
determined, because high concentrations may cause i n t e r f e r e n c e 
w i t h the analyses f o r cadmium and lead, and give i n f l a t e d values 
f o r these metals. 
Methods 
V/et ashing of the d r i e d f l e s h was performed w i t h fuming 
n i t r i c a c i d . l.Og samples containing several animals p r e v i o u s l y 
d r i e d at 60°C were t r a n s f e r r e d to glass v i a l s and 5ml of fuming 
n i t r i c acid added w i t h 2 drops of o c t a n - l - o l to prevent f r o t h i n g . 
Two small glass b a l l s were also placed i n each v i a l . The samples 
were then heated i n an apparatus s i m i l a r to t h a t described by 
Thompson and Blacnflower (1972). The samples were digested at 
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100°C, below the b o i l i n g p o i n t of n i t r i c a c i d , f o r ^5 minutes 
before the heat was increased u n t i l the mixture b o i l e d s t e a d i l y 
but not too vi g o r o u s l y . When a l l the acid had been evaporated 
from the sample, a yellow residue remained on the bottom of the 
v i a l . 1ml of fuming n i t r i c acid was then added to the residue 
and the s o l u t i o n evaporated as before. This procedure was 
repeated several times to produce as clean a residue as possible, 
The glass v i a l was then removed from the heating apparatus and 
l e f t to co o l . F i n a l l y , the residue was dissolved i n minimum 
q u a n t i t y of 1:1 HCl. Control s o l u t i o n s were prepared by 
evaporating from glass v i a l s the same amount of fuming n i t r i c 
acid as needed f o r the d i g e s t i o n of the t i s s u e samples. Any 
residues formed were then dissolved i n 5nl of 1:1 HCl. The 
samples were nov; analysed f o r cadmium and lead, using the 
Unicam 0P9O Atomic Absorption Spectrophotometer, 
Solutions containing a range of known concentrations 
of these metals v;ere made and the percentage absorption f o r 
each concentration determined. From the c a l i b r a t i o n curves 
so obtained the concentrations of cadmium and lead i n unknown 
sol u t i o n s could be read. 
Before analysing f o r calcium c e r t a i n precautions 
had to be taken since the percentage absorption i s l i a b l e to 
be depressed i f the sample s o l u t i o n s contain phosphates, 
sulphates or any oxygenated anions. The best way to overcome 
t h i s i n t e r f e r e n c e i s to add a s o l u t i o n of a "r e l e a s i n g agent" 
to the sample s o l u t i o n . The most v/idely used i s lanthanum 
c h l o r i d e . 
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In the present study the sample s o l u t i o n s v/ere d i l u t e d 
i n 5/0 lanthanum c h l o r i d e s o l u t i o n and d i s t i l l e d water u n t i l the 
concentration of calcium was between 5 and 20 p.p.m. i n 1 % 
lanthanum c h l o r i d e s o l u t i o n , 
3tanda.rd s o l u t i o n s of calcium were made; these 
contained 0, 5, 10, 15 and 20 p.p.m, i n 1% lanthanum c h l o r i d e 
s o l u t i o n , 
The r e s u l t s from the calcium analyses showed concen-
t r a t i o n s of 5 - 7000 p.p.m. i n the dry bi v a l v e f l e s h samples, 
equivalent to about 1000 p.p.m. i n the HCl s o l u t i o n s analysed. 
To f i n d out i f concentrations of t h i s order of magnitude 
i n t e r f e r e d w i t h cadmium and lead absorption analyses, a s o l u t i o n 
was made containing 1000 p.p.m. of calcium, but no cadmium or 
lead. '•'•'his s o l u t i o n was analysed f o r apparent cadmium and lead. 
The r e s u l t s showed tha t the e f f e c t s of calcium i n t h i s concen-
t r a t i o n i n the sample s o l u t i o n s on other metal determinations 
v;ere n e g l i g i b l e , 
Results and discussion 
As the e f f e c t s from calcium were n e g l i g i b l e , and 
the c o n t r o l s o l u t i o n s did not show any detectable amounts of 
cadmium and lead, the r e s u l t s are presented as obtained i n 
Table l4a and b. The r e s u l t s from each sample were m u l t i p l i e d 
by f i v e , the d i l u t i o n f a c t o r . 
Analyses f o r heavy metals i n B r i t i s h c oastal waters 
(Preston et a l . 1972) showed concentrations of 0,0004l p.p.m. 
f o r cadmium and 0.00021 p.p.m. f o r lead i n the North Sea 
coastal area. 
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Comparing the concentrations of these two metals i n 
the sea-water w i t h those i n the tissues of the two bivs-lve 
species gives concentration f a c t o r s of ^ 000 and I5OO f o r cadmium 
i n Macoma and S c r o b i c u l a r i a r e s p e c t i v e l y , but much higher values 
f o r lead, namely 53000 and 56OOO r e s p e c t i v e l y . 
I t should be remembered t h a t sea-water i s not the 
only a v a i l a b l e source of heavy metals. As the two molluscs 
feed mainly from the sediments and so could undoubtedly absorb 
metals from them, i t would be necessary to analyse the sediments 
f o r cadmium and lead;, to get b e t t e r knowlad^e of the r e a l b i o l o g i c a l 
concentration f a c t o r s . 
The concentration of cadmium i n Macoma i s s i g n i f i c a n t l y 
higher than i n S c r o b i c u l a r i a ( t = 15.533 p> 0.001) yet the 
l e v e l s of lead are comparable ( t = 1,620 not s i g n i f i c a n t ) . 
This i n d i c a t e s t h a t the two species have s i m i l a r a b i l i t y to 
accumulate lead, but Macoma accumulates cadmium more e a s i l y 
than S c r o b i c u l a r i a . 
The nearest i n d u s t r i a l sources of heavy metal 
contamination to Li n d i s f a r n e are probably B l y t h (^0 miles 3,) 
and the Forth estuary (^0 miles N,), The concentration of 
heavy metals i n the sediments at L i n d i s f a r n e should therefore 
not be high, 
Preston e_t al. (1972) analysed limpets P a t e l l a 
v u l g a r i s from coastal waters i n the I r i s h Sea f o r heavy 
metals. At the most contaminated sampling s o l u t i o n s they 
found concentrations up to 35 p.p.m, f o r cadmium and up to 
85 p,p.m, f o r lead i n the d r i e d f l e s h of the animals. These 
concentrations are much higher than those found i n the present 
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i n v e s t i g a t i o n , as expected i f contamination i n the L i n d i s f a r n e 
area i s low. However, as the a b i l i t y to accumulate heavy metals 
d i f f e r s between species, a comparison between Macoma from d i f f e r e n t 
areas would be more r e l i a b l e . The f a c t t h a t the lead/cadmium 
concentration r a t i o was so much higher at L i n d i s f a r n e (6.7:1 
f o r Macoma, 19:1 f o r S c r o b i c u l a r i a ) than i n limpets from the 
I r i s h Sea (up to 2,4:1) may r e f l e c t a d i f f e r e n c e i n the a b i l i t y 
of bivalves and gastropods to accumulate these metals, or may 
merely r e f l e c t d i f f e r i n g l e v e l s of contamination i n t h e i r 
respective foods. 
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Summary 
1, The d i s t r i b u t i o n of Macoma b a l t h i c a on Holy Island Sands and 
Fenham F l a t s , L i n d i s f a r n e was i n v e s t i g a t e d . 
2, I t was found t h a t the density of Macoma at high t i d a l l e v e l s 
was not l i m i t e d by a v a i l a b l e food i n the substrate. 
3, The highest density of Macoma was found at about mid-tide l e v e l , 
although a v a i l a b l e food i n the substrate was much higher at 
lovfer t i d a l l e v e l s . 
4, The dispersion of Macoma i n an area of high density was examined. 
5, D i r e c t evidence of growth r a t e was obtained by measuring an area 
index from growth r i n g s on the s h e l l s , 
6, Size and age d i s t r i b u t i o n s of Macoma populations were i n v e s t i g a t e d 
at several s i t e s , both at high t i d a l l e v e l s and lower down the 
shore. 
7, Dry weight measurements of f l e s h showed t h a t there was a marked 
di f f e r e n c e between s t a t i o n s i n the r a t e of increase i n dry weight 
w i t h increased size of s h e l l , 
8, Dry weight measurements of s h e l l s showed t h a t i n general there 
was no marked d i f f e r e n c e i n the rate of increase i n s h e l l weight 
w i t h s h e l l size at d i f f e r e n t s t a t i o n s . 
61 
9, Analyses f o r c a l o r i f i c content of animals from d i f f e r e n t s i t e s 
showed t h a t c a l o r i f i c content per gram of organic matter was 
s i g n i f i c a n t l y lower f o r animals from the low growth rate s i t e , 
10, Analyses f o r cadmium and lead i n the e n t i r e s o f t p a r t s of 
Macoma b a l t h i c a and S c r o b i c u l a r i a plana were c a r r i e d out. 
Both concentrated lead to a s i m i l a r degree, but Macoma 
contained cadmium l e v e l s twice as high as S c r o b i c u l a r i a , 
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Appendix 1 
The Walkley Black method f o r estimation of organic carbon i n 
depc s i t s , 
1. The oven d r i e d substrate samples were allowed to cool i n a 
desiccator, 
2. Accurately weighed f i n e l y ground sample was t r a n s f e r r e d to a 
500ml Erlenmeyer Flask, Samples of l,2g were s u i t a b l e f o r 
substrates c o n t a i n i n g low percentages of organic carbon, and 
0,9g f o r those r i c h i n organic carbon, 
3. 10ml of 1 N potassium dichromate were added, followed by 20ml of 
cone, sulphuric acid ( c o n t a i n i n g 12,5g/l s i l v e r sulphate to 
overcome i n t e r f e r e n c e by c h l o r i d e s ) , (The a d d i t i o n of sulphuric 
acid v;as made c a u t i o u s l y ) . The f l a s k was then l e f t to stand 
f o r 3 min on an asbestos sheet, 
4. 200ml of water were added, followed by 10ml of 85% phosphoric 
acid and 1ml of diphenylnnine i n d i c a t o r s o l u t i o n , 
5. T i t r a t i o n was by a d d i t i o n of 1 N ferrous sulphate i n small l o t s 
u n t i l the colour of the s o l u t i o n flashes from purple to green, 
then the excess of dichromate was restored by adding 0,5ml of 
potassium dichromate and the t i t r a t i o n was completed by adding 
ferrous sulphate, drop by drop, u n t i l the l a s t trace of the 
blue carbon disappeared. 
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Appendix 2 
The semi-micro K j e l d a h l method 
1, From the oven d r i e d substra.te samples cooled i n a desiccator 
accurately weighed, f i n e l y ground a l i q u o t 0,5 - l.Og was 
t r a n s f e r r e d to a d i g e s t i o n f l a s k , 
2, 2g of c a t a l y s t (made up of 32g potassium sulphate, 5g of mercury 
sulphate, and I g of selenium powder, w e l l mixed) were added to 
the d i g e s t i o n f l a s k followed by ^rol of A,R, cone, sulphuric a c i d , 
3, The mixture v;as then heated gently over micro-burner f o r 5 minutes, 
The heat was then increased so t h a t the mixture b o i l e d s t e a d i l y 
f o r a f u r t h e r 45 minutes, 
4, When f u l l y digested, the mixture was allowed to c o o l , 
5, The d i g e s t i o n f l a s k was then f i t t e d to a " Q u i c k f i t " semi-micro 
d i s t i l l a t i o n apparatus which had already been steamed through 
w i t h d i s t i l l e d water, 
6, 20ml of f r e s h l y mixed kO% sodium hydroxide and 40% sodium sulphide 
(9 volumes of a l k a l i to 1 volume of sulphide) were poured i n t o the 
funnel of the d i s t i l l a t i o n apparatus, 
7, Before the a l k a l i was run i n t o the digested s o l u t i o n , the end of 
the condenser was dipped i n t o a f l a s k containing 10ml of saturated 
b o r i c acid + 2 drops of mixed i n d i c a t o r (methyl red and methylene 
b l u e ) , 
8, The a l k a l i s o l u t i o n was then run i n t o the d i g e s t i o n f l a s k and the 
eunmonia l i b e r a t e d was c o l l e c t e d i n the saturated b o r i c a c i d , 
9, The mixture i n the d i g e s t i o n f l a s k was then steam d i s t i l l e d u n t i l 
about 25ml of the boric acid mixture had been c o l l e c t e d . 
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10. The s o l u t i o n of ammonia absorbed i n saturated b o r i c acid was 
then t i t r a t e d w i t h 0.025 N HCl u n t i l the end p o i n t deep blue 
to l i l a c was reached. 
Note : To determine whether there was any n i t r o g e n i n the 
reagents used, t h i s procedure was repeated f o r a mixture 
v/here A. P. glucose had been digested instead of substrate. 
The amount of 0.025 W HCl to reach the end p o i n t f o r 
t h i s mixture (0,03ml i n t h i s case) was subtracted from the 
other i i t r e s before c a l c u l a t i n g the n i t r o g e n content of the 
samples. 
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Appendix 3 
Bomb C a l o r i m e t e r i n s t r u c t i o n s 
1, Make p e l l e t (about 0.3 - O.kgm) and weigh a c c u r a t e l y . 
2, Put p e l l e t i n c r u c i b l e on end o f s t a n d a r d 2" l e n g t h o f c o t t o n , 
which passes t o h o l e i n i g n i t i o n w i r e . 
3, Check t h a t r u b b e r washer i s seated c o r r e c t l y on the bomb base. 
h. Screw on bomb c a r e f u l l y t i l l hsnd t i g h t ( a v o i d damaging rubber 
s e a t i n g r i n g ) . 
5. Close oxygen c o n t r o l on bomb u n i t . 
6. Open oxygen c y l i n d e r 
7. Open oxygen c o n t r o l on bomb u n i t s l o w l y t o f l u s h t h e bomb thr o u g h 
w i t h oxygen. 
8. Close gas escape v a l v e on bomb base t o l e t p r e s s u r e r i s e s l o w l y 
i n bomb ( t o 26 atmospheres). 
9. Close oxygen c o n t r o l v a l v e on bomb u n i t and check t h a t p r e s s u r e 
i n bomb h o l d s steady a t 25 - 26 atm. 
10. Plug thermocouple i n t o top o f bomb c a s i n g . 
11. S w i t c h on mains s w i t c h on bomb u n i t . Unclamp galvanometer 
and zero i t . 
12. Press F i r e b u t t o n : stand back. 
13. Read maximum galvanometer d e f l e c t i o n and r e c o r d t h i s v a l u e . 
1^. Clamp galvanometer; t u r n o f f mains s w i t c h on bomb u n i t . 
13. Open gas escape v a l v e and r e l e a s e p r e s s u r e i n bomb. 
16. Unscrew bomb and r i n s e w i t h c o l d water : a l l o w t o d r a i n d r y 
or wipe w i t h f i l t e r paper. 
At the end o f a s e t o f d e t e r m i n a t i o n s o f c a l o r i f i c 
v a l u e s t u r n o f f t h e oxygen c y l i n d e r . 
